Abstract: Heterocapsa circularisquama is the most noxious dinoflagellate to bivalves such as oysters, short-necked clams and pearl oysters because its red tides have caused major mass mortalities. In order to reduce the negative impacts of H. circularisquama, predictions of red tide occurrences are essential, and hence it is important to grasp its population dynamics. The population dynamics of H. circularisquama, however, have not yet been clarified throughout the year. To precisely monitor population dynamics, the fluorescent antibody technique is effective. We here report on H. circularisquama population dynamics monitored with the indirect fluorescent antibody technique (IFAT) using monoclonal antibodies. Samplings were carried out once a week in summer and twice a month in other seasons at 4 points in Ago Bay, Mie Prefecture, Japan, from April 2001 to March 2005. Direct counting of the cells was also performed using a normal optical microscope. Vegetative cells of H. circularisquama monitored with IFAT were generally detected from late spring (May) to late autumn, and the cell density increased (maximum 2.33ϫ10 6 cells L
Introduction
Harmful algal blooms (HABs) have had serious impacts on public health and fisheries industries throughout the world (Hallegraeff 1993 , Anderson 1994 , Imai et al. 2006 . Among the HAB species causing mass mortalities of marine organisms, Heterocapsa circularisquama Horiguchi (Dinophyceae) has the unique characteristic that blooms have absolutely no effect on fish but that it kills bivalves (oyster, short-necked clam, pearl oyster, etc.) , 2000 , 2001b , Nagai 1999 . Furthermore, it is reported that H. circularisquama kills useful zooplankton such as rotifers and ciliates that are the food of larval fish (Kamiyama & Arima 1997 , Kim et al. 2000 . Along the Japanese coast, this alga was discovered for the first time in Uranouchi Inlet, Kochi Prefecture, in 1988 and thereafter the blooms have expanded throughout the coastal waters of the western area of Japan (Tamai Matsuyama et al. 2001a , Matsuyama 2003 . For the clarification of the formation mechanisms and prediction of red tide occurrences of this species, it is essential to grasp the population dynamics. This species has a relatively small cell size; 20.0-28.8 mm (average 23.9 mm) in length and 13.8-20.0 mm (average 17.3 mm) in width (Horiguchi 1995) , which makes the detection of this species rather difficult by conventional microscopic observation in field seawater samples. In addition, the accurate identification of H. circularisquama by optical microscopic observation is complicated by the existence of morphologically similar species in the coastal waters of Japan (Horiguchi 1999 , Iwataki et al. 2002a . Therefore, the population dynamics of this species is mostly unknown during the period from appearance to disappearance in field waters.
A detection method using antibody techniques is one of the most simple and rapid means to identify organisms where difficulties exist in morphological identification (Shapiro et al. 1989 , Vrieling & Anderson 1996 . The methods for identification and detection using antibody techniques for microalgae and bacteria are simple and species-specific (Ward & Perry 1980 , Velez et al. 1988 , Vrieling et al. 1993a , Imai et al. 2001 . It has been reported that identification and detection using antibody techniques has been developed in regard to the following species of harmful algae: the brown tide-causing species Aureococcus anophagefferens Hargraves and Sieburth , Caron et al. 2003 , the raphidophytes Chattonella antiqua (Hada) Ono and Chattonella marina (Subrahmanyan) Hara and Chihara (Hiroishi et al. 1988 , Uchida et al. 1989 , Nagasaki et al. 1991a , Nagasaki 1993 , the dinoflagellates Karenia mikimotoi (Miyake and Kominami ex Oda) Hansen and Moestrup (Nagasaki et al. 1991b) , Alexandrium tamarense (Lebour) Balech (Adachi et al. 1993a) , Alexandrium spp. (Adachi et al. 1993b , Sako et al. 1993 , Gymnodinium catenatum Graham (Mendoza et al. 1995) , Gyrodinium aureolum Hulburt (Vrieling et al. 1994) and Pfiesteria piscicida Steidinger and Burkholder (Lin et al. 2003) , and the toxic diatom, Pseudo-nitzschia pungens (Grunow ex P.T. Cleve) Hasle (Bates et al. 1993) . However, quantitative monitoring of microalgae using this method in field waters has only been attempted with the single-cell cyanobacterium Synechococcus spp., A. anophagefferens and G. aureolum (Campbell & Carpenter 1987 , Peperzak et al. 1998 . The population dynamics of microalgae have never been investigated with this technique continuously except for in a single study about Synechococcus spp. (Campbell & Carpenter 1987) . Polyclonal antibodies that specifically recognize only H. circularisquama have already been developed (Hiroishi et al. 2002) . However, microscopic observations tend to be disturbed by nonspecific fluorescence of many particles. If monoclonal antibodies are used for identification of H. circularisquama, it is considered that it would allow more specific and easier monitoring of this species.
We investigated the seasonal distribution of H. circularisquama for four years in Ago Bay, Mie Prefecture, Japan by the indirect fluorescent antibody technique using monoclonal antibodies which specifically recognize this species. The data on cell densities obtained with this method were compared with that obtained with direct counting using a normal optical microscope. Relationships between cell densities and environmental factors were analyzed to find significant factors affecting the dynamics of H. circularisquama.
Materials and Methods

Characteristics of monoclonal antibodies and the protocol of the antibody technique
Three kinds of monoclonal antibodies (MVC, MTC-I, MTC-II), recognizing Heterocapsa circularisquama specifically, were used in this study (Table 1 ). The antibody MVC recognizes an epitope on the surface of thecae, and MTC-I and MTC-II recognize epitopes on the membrane surface of temporary cysts (Hiroishi et al. submitted ). The temporary cysts of H. circularisquama are produced under adverse conditions such as low temperature, osmotic pressure, etc. . The antibody MVC is a rat anti-H. circularisquama antibody, and the antibodies MTC-I and MTC-II are both mouse anti-H. circularisquama antibodies. These monoclonal antibodies were used as the primary antibodies after mixing and 10-40 times dilution with phosphate-buffered saline without calcium chloride and magnesium chloride (PBS(-)). Fluorescein isothiocyanate (FITC)-conjugated rabbit anti-rat antibody was used as a secondary antibody recognizing MVC, and FITC-conjugated rabbit anti-mouse antibody was used as a secondary antibody recognizing MTC-I and MTC-II. These secondary antibodies were used after mixing and 100-200 times dilution (20-40 mg mL
Ϫ1
) with PBS (-). Cross reactivity was examined for the monoclonal antibodies using twelve species (24 strains) of dinoflagellates that included seven strains of H. circularisquama (HU9433, HU9436, HA92-1, HI9428, HY9423, U0403A, U0403B), (Herman & Sweeney 1976 , Loeblich et al. 1981 , Horiguchi 1990 , 1997 , Janofske 2000 . (Chen et al. 1969 , Imai et al. 1996 . Temporary cysts of seven strains of H. circularisquama were produced by adding 1/2 amount of vegetative cells in culture into PBS (-). Vegetative cells and temporary cysts of each cultured strain were fixed with formaldehyde at a final concentration of 0.37%, and stored at 5°C.
The basic protocol for the indirect fluorescent antibody technique (IFAT) is shown in Fig. 1 . The cross reactivity of monoclonal antibodies was examined as follows. Sudan Black B-stained Nuclepore polycarbonate filters (3.0 mm pore size) were set on a filtration device. Fixed cells in the medium were collected on the filter in approximately 1 mL by filtration. For complete staining, a small amount of the fluid was retained on the filter before the addition of antibodies. After washing twice with 5 mL of PBS(-), the cells were again collected by filtration on the filters in approximately 1 mL. Cells were incubated for 10 minutes at room temperature (20-25°C) with 0.5 mL of primary monoclonal antibodies against H. circularisquama. After washing twice again with 5 mL of PBS(-), the cells were collected on the filter in fluid of approximately 1 mL again. Then, cells were incubated for 10 minutes at 20-25°C after the addition of 0.5 mL of secondary antibodies. After washing twice with 5 mL of PBS(-), the reacted cells were finally collected on the filter by filtration. Subsequently, the filters were mounted on glass slides with non-fluorescence immersion oil and covered with a cover glass, before the cells were observed with an epifluorescence microscope (Nikon, ECLIPSE TE300) under blue light excitation (B-3A filter: excitation wavelength 420-490 nm, absorption wavelength Ͻ520 nm) and the same excitation with blocking of chlorophyll a autofluorescence (B-2E/C filter: excitation wavelength 465-495 nm, absorption wavelength Ͻ515 nm and Ͼ555 nm). In the present study, detection and enumeration of the cells were feasible without the blocking process. The ratios of positively-reacting cells were calculated by positive cell number/total cell number. Observation and enumeration were carried out in triplicate for each algal species and strain.
Monitoring in Ago Bay
The sampling stations were located in Ago Bay, Mie Prefecture, facing the Pacific Ocean (Fig. 2) . Ago Bay is located on the southern part of Honshu island, Japan, and is famous for a huge aquaculture industry for pearl oyster venerably established by Koukichi Mikimoto. A red tide of H. circularisquama occurred in Ago Bay for the first time in 1992, and caused damage of about 3 billion yen through mass mortality of pearl oysters (Nakanishi et al. 1999) .
Sample collections were made 1-5 times a month at 4 stations (Akasaki, Kanatoko, Tomoyama and Takonobori) and from a depth of 5 m at the other stations (Kanatoko, Tomoyama and Takonobori). Simultaneous measurements were conducted for water temperature, salinity and dissolved oxygen (DO) using a multi-parameter water quality meter (Aquaquality sensor AAQ1183-H, Alec Electronics) at each point. Cell densities of H. circularisquama in the samples were determined by the IFAT using monoclonal antibodies and the common counting technique using a regular optical microscope. For the IFAT, pretreatments of water samples were done as follows. Seawater samples were fixed with formaldehyde at a final concentration of 0.37%, and stored at 5°C in the dark. The fixed samples were filtered with a plankton net (30 mm mesh size) to remove bigger phytoplankton, zooplankton and seston. Preliminary observations were made on each sample to determine the approximate cell density of H. circularisquama with epifluorescence microscopy. Adequate amounts (0.1-200 mL) of the samples were used for the IFAT as described above. The cell densities of H. circularisquama were calculated using data on the cell number counted on the filter and the filtration volume. The IFAT observations were made in triplicate for each sample. However, especially in winter samples, a total of one liter of seawater was observed and enumerated when no H. circularisquama cells were detected with ordinary triplicate observations. For regular cell counting, the cell densities of H. circularisquama were determined by the observation of the cells under an optical microscope in 1 mL of each collected sample. Identification was based on the shape, size and swimming manner of this species in natural seawater samples. Cells were counted once for each sample as part of routine observations. The conventional concentration method by filtration was not feasible for H. circularisquama because we confirmed that most cells attached and were trapped on the surface of any filters (data not shown).
Relationships between cell density and environmental factors such as temperature, salinity and oxygen were considered by analysis of each correlation factor. 
Results
Characteristics of monoclonal antibodies
When vegetative cells of Heterocapsa circularisquama HU9433 were observed with the indirect fluorescent antibody technique (IFAT) under blue light excitation, red autofluorescence of chloroplasts and green FITC fluorescence were clearly observable (Fig. 3A) , and the thecae were visible by the blocking of chlorophyll-a autofluorescence (Fig.  3B) . Temporary cysts of H. circularisquama HU9433 also emit a red autofluorescence from chloroplasts and a green FITC fluorescence at the outline under blue light excitation (Fig. 3C) , and the green FITC fluorescence was more clearly observed under blue light excitation with blocking of chlorophyll-a autofluorescence (Fig. 3D) . Table 2 shows the results of the examination on the cross reactivities of the monoclonal antibodies against 22 species (34 strains). In the case of Heterocapsa triquetra, a morphologically similar species, the red autofluorescence of chloroplasts was observed under blue light excitation, but the FITC fluorescence was not detected under blue light excitation with blocking of chlorophyll-a autofluorescence (Figs 3E, F) . On the other hand, vegetative cells of Alexandrium catenella (Whedon & Kofoid) Balech exhibited a positive reaction to the monoclonal antibody MVC, and the FITC fluorescence was observed clearly at the outline of the cell (thecae) under blue light excitation with blocking of chlorophyll-a Figs 3G, H) . The antibody MVC reacted to the thecae of A. catenella, but the antibodies MTC-I and MTC-II did not. However, it is easy to differentiate A. catenella from H. circularisquama, because A. catenella is much larger and more rounded than H. circularisquama ( Figs 3A, G) . Therefore, there is no problem in monitoring H. circularisquama with the IFAT. The antibody MVC also reacted to Alexandrium tamarense as well as to A. catenella. All the other species examined showed negative reactions to the antibodies used in this study. Figure 4 presents photomicrographs of dinoflagellate cells of H. circularisquama and Prorocentrum dentatum stein in a seawater sample collected from B-1 m depth at Akasaki station in Ago Bay on 2 September 2002, after treatment for the IFAT, as an example of an observation of a field sample. Both cells of H. circularisquama and P. dentatum emitted red autofluorescence from chloroplasts under blue light excitation (Fig. 4A) . However, only in the case of H. circularisquama, the FITC fluorescence was clearly observed at the outline of the cell under blue light excitation with blocking of chlorophyll-a autofluorescence (Fig. 4B) . The FITC fluorescence was not observed at the outline of the cell of P. dentatum in the same optical field (Fig. 4B ). All the cells of H. circularisquama detected with the IFAT possessed thecae and were never in the form of temporary cysts in field samples throughout the present study. (Fig. 5) when the water temperatures were 19°C and 18°C, respectively (Fig. 6) . Thereafter, the cell density increased with increasing water temperature, reaching a maximum value of 1. According to the monitoring done by the common and conventional counting technique using optical microscopy, H. circularisquama cells were detected only from July 9 to July 23 (1. (Figs 7, 8) . According to the results of monitorings by the IFAT using monoclonal antibodies, the seasonal distribution of H. circularisquama at these 3 stations showed a similar pattern to that at Akasaki station, with some differences being observed at Tomoyama and Takonobori stations, close to the mouth of Ago Bay. At Tomoyama station, cells were detected on January 7, 2002 (2.67 cells L Ϫ1 , 10.8°C) (Figs 7, 8) . Also at Takonobori station, close to the mouth of the bay (Fig. 2 
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Seasonal distribution of Heterocapsa circularisquama in Ago Bay
Relationships between occurrence of Heterocapsa circularisquama and environmental factors
As shown in Fig. 6 , the water temperature at Akasaki station rose up to over 30°C at 0 m depth and about 25°C at 5 m and B-1 m depths during the summer season, and fell below 10°C in January and February at all depths every year. The water temperature at 5 m depth of the stations of Kanatoko, Tomoyama and Takonobori (Fig. 8) ascended to over 25°C in summer and often descended below 10°C in winter throughout the sampling period. The water temperature at Takonobori station in winter was somewhat higher than that at other stations, and higher than 10°C since 2004. Figure 9 shows seasonal changes in salinity at Akasaki station. The salinity occasionally declined at 0 m depth (sometimes to 25 psu or less, and even about 10 psu in the lowest case), but generally fluctuated at 30 psu or more (highest value, 34.1 psu). The salinities were stable at 5 m and B-1 m depths, exhibiting a range between 31.4 and 34.5 psu. The salinities at the other three stations (5 m depth) were also stable within the range between 30.6 and 35.2 psu (data not shown).
Seasonal changes of dissolved oxygen (DO) at Akasaki station are presented in Fig. 10 . DO at B-1 m depth decreased particularly in the summer season every year, and it often descended to 2 mL L Ϫ1 or less. DO at 5 m depth also decreased in summer, but rarely dropped below 2 mL L Ϫ1 . In the surface waters, DO did not decrease during summer, and the fluctuation range was between 4.06 to 9.94 mL L
Ϫ1
. Low DO watermasses appeared in the deeper layer during the stratified season (spring to summer), and disappeared during the mixing season from autumn to early spring. At the stations of Kanatoko, Tomoyama and Takonobori, DO at 5 m fluctuated within the range of 1.67 and 11.78 mL L Ϫ1 , and showed a tendency to be lower in summer and higher in winter (data not shown). Figure 11 illustrates the relationship between the cell density of H. circularisquama and the water temperature each year for pooled data over 4 years in Ago Bay. A significant correlation (rϭ0.139, pϽ0.05) was obtained between the cell density and water temperature in (April 2001 -March 2002 . Significant correlations (0.173ϽrϽ0.531, pϽ0.01) were also found between the cell density and water temperature every year between 2002-2004. In 2001, this species was always detected when water temperature was higher than 24°C, and never detected when the temperature was lower than 10°C. In 2002 and 2003, this species was always observed when water temperature was higher than 25°C, and never observed at temperatures of 15°C or lower. Cells of this species were always found at temperatures of 25°C or higher, and never found when the temperature was lower than 17°C in 2004. According to the analysis of the pooled data over 4 years, a significant correlation (rϭ0.139, pϽ0.01) was confirmed between the cell density and water temperature (Fig. 11) . Heterocapsa circularisquama cells were almost always detected when the water temperature was higher than 25°C, and never detected when the temperature was lower than 10°C in Ago Bay.
In the case of the relationship between the cell density of H. circularisquama and the salinity (Fig. 12) , no significant relation was found in Ago Bay from April 2001 to March 2005. Figure 13 depicts the relationship between the abundance of H. circularisquama and DO during the same period as that described above. A significant negative correlation (rϭϪ0.172, pϽ0.05) was recognized at B-1 m depth. However, there was no significant correlation between the cell density of H. circularisquama and DO values at 0 m, 5 m, and the data when pooled from the three depths.
Discussion
The IFAT method using monoclonal antibodies
The monoclonal antibodies employed in this study (Table  1) recognized both the thecae of vegetative cells and the membrane of temporary cysts of Heterocapsa circularisquama of all strains. The monoclonal antibodies did not recognize other species of the genus Heterocapsa that were examined or Scrippsiella trochoidea, which is morphologically similar to H. circularisquama (Table 2) . Surprisingly, the monoclonal antibody MVC recognized Alexandrium catenella and Alexandrium tamarense, indicating that H. circularisquama and the two species of Alexandrium have the same epitope on the surface of the thecae, or that the antibody MVC recognized different epitopes on H. circularisquama and the two species of Alexandrium. H. circularisquama was able to be detected perfectly using the antibodies that recognize the thecae and the membrane of temporary cysts together.
Antibodies are conventionally incubated at a temperature of 37°C, and equipment is needed for work at such high temperatures. In this study, however, the incubation of antibodies was performed at room temperature (20-25°C) without any special equipment, and all H. circularisquama cells were clearly stained in the samples of cultured (Table  2 ) and natural seawater. Consequently, it was confirmed that the IFAT method employed in this study is feasible to carry out at room temperature.
Even when the cell density of H. circularisquama is only about 50 cells mL
Ϫ1
, this species has harmful effects on the feeding of pearl oysters and blue mussels (Matsuyama et al. 1995 , 1997b , 2000 . Therefore, it is important to precisely comprehend the in situ population dynamics of H. circularisquama even at very low cell densities. Such monitoring should lead to the prediction of red tide occurrences of H. circularisquama in order to reduce the negative impacts of red tides. In the case of the harmful dinoflagellate Karenia mikimotoi, population dynamics were investigated from low cell densities less than 1 cell mL Ϫ1 by using a filter-concentrating method and counting with a common optic microscope (Honjo et al. 1990 , Itakura et al. 1990) . However, in H. circularisquama, the detection and enumeration of this species was quite difficult using conventional methods employing a common optical microscope when the cell densities were 10 2 -10 3 cells L Ϫ1 or lower in seawater (Matsuyama et al. 1995 , Nakanishi et al. 1999 , Nagasaki et al. 2004 . As demonstrated in the results of monitoring by IFAT using monoclonal antibodies, the detection and enumeration of H. circularisquama cells was feasible from densities as low as 1.33 cells L Ϫ1 (Figs 5,  7) . Thus, the method of IFAT using monoclonal antibodies has 1000 times higher sensitivity than the common counting technique, and allows the study of the seasonal distribution of H. circularisquama from the initial stages of a red tide, through blooming, to disappearance.
Seasonal distribution of Heterocapsa circularisquama in Ago Bay
In the previous monitorings of H. circularisquama using common optical microscopes, the ranges of water temperature and salinity where H. circularisquama was detected were 11.4-32.1°C and 24.0-35.0 psu, respectively (Yamamoto & Tanaka 1990 , Matsuyama et al. 1995 , 1997a , Matsuyama 1999 , Nakanishi et al. 1999 , Oh et al. 2003 . According to the culture experiments, the optimum growth temperature and salinity for H. circularisquama is 30°C and 35 psu, respectively, and the species cannot grow at 10°C or lower (Yamaguchi et al. 1997 , Yamatogi et al. 2005 . These reports indicate that Ago Bay is obviously suitable for the occurrence of H. circularisquama red tides in summer, but not suitable for overwintering during the cold winter season.
A significant correlation (pϽ0.01) was recognized between the cell density of H. circularisquama and water temperature (Fig. 11) , with higher cell densities appearing to be linked with higher water temperatures. Vegetative cells of this species were almost always detected when water temperature was higher than 25°C, and never detected when the temperature was lower than 10°C. It can be concluded that H. circularisquama definitely favors the season of high water temperature in Ago Bay. There was no clear relationship between the cell density and salinity (Fig.  12) . The fluctuation of salinity is not so large (Fig. 9) and it is therefore thought that the populations of H. circularisquama would not be affected by salinity in Ago Bay. It is interesting that a significant negative correlation (pϽ0.05) was obtained between cell density and DO at B-1 m depth (Fig. 13) . Essential nutrients such as nitrogen, phosphorus and trace metals generally diffuse from the bottom sediments to overlying water under oxygen-deficient conditions. It is considered that H. circularisquama obtained these nutrients in the bottom layer by virtue of its ability to vertically migrate in summer under stratified conditions (Matsuyama 2003) . However, we have unfortunately no data about nutrient concentrations such as phosphorus (phosphate) or nitrogen (ammonium). It is necessary to study the relationship between the population dynamics of H. circularisquama and nutrient elution from bottom sediments under stratified conditions in the future.
At Takonobori station, located at the mouth of the bay facing the Pacific Ocean, cells of H. circularisquama were detected until January 21, 2002. This fact implies that H. circularisquama survived until January 21 (winter), overwintering from the preceding summer, because the water temperature at Takonobori station descended more slowly than at other stations and stayed at over 10°C (Fig. 8) .
In Ago Bay, cell densities of H. circularisquama decreased below the detection level even by the IFAT method during the winter season every year (Figs 5, 7) . Nevertheless, blooms of H. circularisquama occurred every summer and developed into red tides in some years. The overwintering mechanism of H. circularisquama is currently an enigma. Among the microalgal species forming harmful algal blooms (HABs) in the summer season, it is known that Chattonella antiqua, Chattonella marina and Heterosigma akashiwo (Hada) Hada ex Y. Hara and Chihara (Raphidophyceae) form resting cysts in order to survive the winter season (Imai & Itoh 1986 1993). On the other hand, resting cysts of K. mikimotoi have never been identified in the field, and this species is known to overwinter in the form of vegetative cells (Nakata & Iizuka 1987 , Terada et al. 1987 , Honjo et al. 1990 , Itakura et al. 1990 . Regarding H. circularisquama, resting cysts have never been discovered despite much effort devoted by many scientists to find cysts in bottom sediments. Therefore, it is believed at present that this species might overwinter in the form of vegetative cells. As the first possibility of overwintering in Ago Bay, it is considered that the populations of vegetative cells may exist at very low densities below the detection limit (1 cell L Ϫ1 ) during winter. Hence, it would be worth to try detection of overwintering cells by applying the IFAT method with a large amount of seawater. As a second possibility, vegetative populations may be transported into Ago Bay from coastal seawater originating from warmer areas or by Kuroshio Current seawater every year, because the existence of H. circularisquama was identified in seawater from Southeast Asia (Iwataki et al. 2002b) . As a third possibility, the transportation of temporary cysts with bivalves is thought to seed H. circularisquama populations in Ago Bay. There are some reports that H. circularisquama cells could proliferate in a new area in the form of temporary cysts in the shellfish after the transportation of bivalves such as oysters and pearl oysters (Honjo et al. 1998 , Honjo & Imada 1999 , Imada et al. 2001 . Therefore, it is important to identify the existence of overwintering cells in seawater in warmer areas where host bivalves overwinter. When overwintered bivalves are transported to Ago Bay, accompanying temporary cysts of H. circularisquama could play an important role as seed populations that may develop into red tides thereafter.
The morphological identification of microalgae is sometimes complicated and time consuming due to the existence of morphologically similar species. This study demonstrated that the IFAT using monoclonal antibodies was very useful to identify H. circularisquama and monitor the seasonal distribution of this species in coastal waters. It is important to evaluate the risks of H. circularisquama red tides in other coastal embayments with shellfish aquaculture by applying this method to investigate the occurrence of this species.
